In the present short review, loosely packed two-dimensional arrays of hydrogel colloids with quasi-hexagonal order, which are fabricated by selfassembly on solid substrates, are discussed. For this purpose the most prominent hydrogel microgel, composed of poly(N-isopropylacrylamide), is considered. Its extraordinary properties dictate not only the formation of loosely packed 2D colloidal crystals but also pave the road to various applications ranging from optical devices to cell culture substrates.
temperatures using potassium persulfate as initiator [2] . The resulting monodisperse poly( -isopropylacrylamide) (polyNIPAM, structural formula shown in Figure 1a ) colloids are thermo-responsive and typically experience a volume phase transition at ∼ 31 ∘ C (lower critical solution temperature, LCST). Already this responsivity to a single stimulus enables the employment of polyNIPAM microspheres for the tailor-made fabrication of 2D and 3D materials with tuneable dimensions, switchable wettabilities, varying refractive indices and mechanical properties. Introduction of further co-monomers into the hydrogel matrix offer manifold possibilities for manipulating the properties of the hydrogel microgels (reviewed e. g. in [3] and [4] ). Here, especially 3D structures composed of highly ordered or randomly arranged hydrogel spheres were investigated.
Only recently loosely packed 2D arrays made of polyNIPAM microgels caught increased attention. This is quite astonishing as the extraordinary properties of polyNIPAM microgels deposited on solid surfaces are eye-catching -they show an iridescent appearance (Figure 1b , left side). The color of these structures is caused by diffraction of light at ordered arrays of polyNIPAM spheres with defined interparticle distances. A scanning electron microscopy (SEM) image of such an array is shown on the right side of Figure 1b .
This short review aims at drawing your attention to this exciting and to a considerable extend not well-understood 2D material. Exclusively loosely packed 2D colloidal arrays assembled from polyNIPAM spheres on solid substrates will be discussed. The article is divided into three sections, starting with the formation mechanism of loosely packed polyNIPAM arrays, followed by an explanation of the mainly employed characterization techniques, and ending with a presentation of a variety of applications.
Formation mechanism
The first observation of ordered loosely packed 2D arrays of polyNIPAM microspheres was already presented in 1986 by Pelton and Chibante [2] . They reported for the first time on the successful synthesis of thermo-responsive monodisperse polyNIPAM microgels, and, in the course of their characterization by transmission electron microscopy (TEM), have noticed the formation of ordered arrays of polymeric colloids with defined interparticle distances on TEM grids. High resolution TEM images showed that the polymer density considerably decreased from the center of the particle to its outer borders. In addition, the polyNIPAM microspheres appeared as discs rather than as spherical particles, suggesting a collapsed state of the polyNIPAM colloids on the TEM grid. All these findings led the authors to the following postulation: Upon preparation of TEM samples a drop of diluted polyNIPAM dispersion is placed on a TEM grid. The swollen polyNIPAM spheres self-assemble into an ordered hexagonally close-packed 2D array by surface tension forces. When the water evaporates, the polyNIPAM spheres collapse to discs but do not change their relative position to each other. Consequently, the interparticle distance in the loosely packed polyNIPAM microsphere array should be correlated to their diameter in the swollen state. This intriguing result of formation of loosely packed ordered 2D arrays was not further explored for almost 20 years.
Self-organization upon drying in air
In 2005, Tsuji and Kawaguchi presented detailed studies on the formation of ordered loosely packed 2D arrays of polyNIPAM microspheres upon airdrying of microgel dispersions and extended the concept to polyNIPAM carrying polystyrene spheres [5, 6] . Here, the self-organization of the polyNIPAM colloids and polyNIPAM coated polystyrene spheres was independent of the particle concentration in the dispersion (as long as it did not exceed a critical value) the type of substrate, and the charge of the polyNIPAM spheres. The interparticle distance of polyNIPAM carrying polystyrene lattices was successfully controlled by the thickness of the polyNIPAM shell. Based on these results the authors suggested a formation mechanism for the loosely packed arrays upon air drying which is displayed in Figure 2 and strongly related to the postulated concept from Pelton and Chibante [2] .
In the polystyrene/polyNIPAM core/shell particle dispersion (and pure polyNIPAm microgel dispersion) the polymeric spheres are free to move by Brownian motion. As the polymeric spheres get confined in a thin water film, they start to self-organize into a quasi-hexagonally close-packed array. The process is driven by capillary interactions between the polyNIPAM-carrying particles whose coalescence is prevented by steric hindrance, provided by the polyNIPAM. Finally, the polyNIPAM layer on the polystyrene microspheres collapse upon evaporation of the remaining water, resulting in the generation of a loosely packed 2D array of polymer spheres with defined interparticle distance. This mechanism was also confirmed by Horecha et al. in 2010 [7] .
Advanced deposition techniques
Also more sophisticated methods for depositing loosely packed polyNIPAM microgel arrays on solid substrates, namely dip-coating and spin-coating, were investigated. Zhang at al. demonstrated that the interparticle distance in 2D arrays of polyNIPAM spheres can be controlled by using both different concentrations of microspheres in the colloid dispersion and different retraction speeds for dip-coating. A decrease in retraction speed led to the formation of arrays with decreasing interparticle distances. The movement of the drying front and the connected concentration variations play a key role in the obtained lattice constant in the formed array [8] . Similar results were described for polyNIPAM microsphere arrays fabricated by spin-coating [9] . Another approach for controlling the lattice constant in 2D arrays of loosely packed ordered hydrogel microsphere arrays was presented by South et al. in 2009 [10] . Instead of using a 'passive' adsorption technique, they developed an 'active' deposition method relying on centrifugation. Here, the polyNIPAM particle footprint area and their interparticle distance were smaller in comparison to particle arrays prepared by e. g. dip-coating.
Electrostatic interactions
Until then, mostly relatively weakly charged polyNIPAM spheres were investigated for assembling loosely packed 2D polyNIPAM microsphere arrays whose charge was based on utilization of charged initiators. Hence, an important factor in colloidal lithography, electrostatic interaction, had not been investigated. Schmidt et al. provided an in-depth study on this topic [11] . For this purpose, polyNIPAMco-acrylic acid microparticles were synthesized and deposited onto differently charged substrates using dip-coating. Here, silicon wafers were used as substrates and their charge was controlled by the adsorption of a pH sensitive layer, composed of a polycation or polyanion. As depicted in Figure 3 the charge of both the polyNIPAM-co-acrylic acid microspheres as well as the substrate surface, and consequently their interaction with each other, could be controlled by the pH of the surrounding medium.
The results of these experiments showed that the pH primarily influenced the packing density of the polyNIPAM microgel on the substrate surface, i. e. that the assembly of the charged polyNIPAM colloids is mainly determined by electrostatic particle-particle interactions rather than electrostatic interactions between particles and substrate surface. These observations were confirmed by Zavgorodnya and Serpe who carried out similar experiments using spin-coating instead of dipcoating [12] .
Lu and Drechsler extended these investigations by not only determining the packing density of charged polyNIPAM spheres on charged substrates but also analyzing the order of the formed arrays [13] . Here, deposition of charged polyNIPAM coated polystyrene spheres onto surfaces with opposite charge resulted in the formation of microsphere arrays with constant interparticle distance. In contrast, the order of the array is destroyed when both substrate and particles have the same charge. Even more complex adsorption behavior of charged polyNIPAM microspheres to oppositely charged surfaces was obtained for binary mixtures of colloids. The studied hydrogel microgels possessed the same charge but differed considerably in their softness [14] . In this case, the interaction of the polyNIPAM spheres with the substrate surface upon adsorption determined the packing density of both particle types, favoring the deposition of more rigid particles. If binary mixtures of polyNIPAM microspheres possessing different charge, but the same softness and diameter, were used for the fabrication of 2D arrays, the formation of ordered arrays could be achieved by controlling the ionic strength of the surrounding medium [15] .
Highly ordered arrays
At this particular time all reported loosely packed polyNIPAM microsphere arrays showed only short-range order, making their utilization in bottom-up approaches to e. g. optical devices difficult. Tremendous progress in the degree of order of polyNIPAM microsphere arrays was achieved by a more sophisticated method [16] . Here, a small amount of alcohol was added to the microgel dispersion, which altered the solubility of the polyNIPAM spheres in the dispersion medium, allowing the self-organization of a hydrogel colloid monolayer at the air/liquid interface. The order in this colloidal monolayer could be further improved by application of shear. Monocrystalline areas in the range of square millimeters were fabricated with this technique which profits from the self-healing properties of hydrogel sphere assemblies [17] .
Newest insights
In 2012, Horigome and Suzuki monitored the drying of polyNIPAM sphere dispersion on polystyrene substrates using optical microscopy [18] . According to their results the hydrogel colloids self-assemble at the air/liquid interface of a dropletwithout any external trigger. In fact, the surface tension of polyNIPAM based col-loid dispersions is influenced by the degree of cross-linking of the hydrogel, conforming studies of Pelton et al. on the interfacial activity of polyNIPAM microgels. Consequently the authors suggested that polyNIPAM microspheres are adsorbed at the air/liquid interface in general and arrange into an ordered array which is finally transferred to the substrate's surface.
Contrary results were reported in 2013 by Wei et al. who studied the formation of loosely packed polyNIPAM microsphere arrays on functionalized glass slides (3-aminopropyltrimethoxysilane) upon air-drying with confocal laser scanning microscopy [19] . The obtained micrographs showed that the polyNIPAM colloids first deformed into discs when the thickness of the water layer reached the diameter of the swollen hydrogel particles. These discs were pulled together by capillary forces until the critical size of nuclei was exceeded and crystal growth occurred.
In a nutshell, the formation mechanism of hydrogel microgel arrays is complex and influenced by several parameters, such as the charge of the colloids, its softness, the concentration of the dispersion, the type of substrate, the deposition technique, etc. There are still open questions concerning the fabrication of loosely packed hydrogel microsphere arrays with reproducible and controllable interparticle distances on various substrates.
Characterization techniques

Optical characterization
The most striking property of loosely packed polyNIPAM arrays is their iridescent color, resulting from diffraction of light at the 2D colloidal crystal [20] . Figure 4 illustrates the path of incoming light as well as of light reflected at the polyNIPAM sphere array and the values for the physical description of light diffraction at this grating given in Eq. (1):
where − represents the optical path difference, is the lattice constant of the array, and are the incident and observation angle, respectively, is an integer, and the wavelength of light [21] .
According to Tsuji and Kawaguchi, the structural color of the loosely packed polyNIPAM microgel array is based exclusively on optical diffraction, it is independent of the refractive indices of the hydrogel microgel and the substrate. In contrast, the lattice constant of the array as well as the incident and observation angle affect the obtained color. Even though the structural color of an polyNIPAM microsphere array could reveal its degree of order and its lattice constant, it has not been utilized for the characterization of these structures. To visualize the geometrical arrangement of the hydrogel microspheres on the substrate surface, light and electron microscopy have been employed -depending on the diameter of the investigated polyNIPAM colloids. The low contrast of the hydrogel microgel in light micrographs could be considerably improved by using phase contrast or differential interference contrast microscopy.
Electron microscopy
Due to the size of most investigated polyNIPAM spheres, electron microscopy was more often chosen for the characterization of loosely packed 2D arrays of polyNIPAM colloids than light microscopy. In Figure 5a and b electron microscopy images of polystyrene core/polyNIPAM shell particles, taken with a transmission electron microscope and a scanning electron microscope, respectively, are displayed [13] . The challenges of imaging hydrogel particles correctly are already apparent from these micrographs. Whereas the 'compact' polystyrene core can be easily noticed in the transmission electron microsopy image, the presence of the polyNIPAM shell and its dimension are more difficult to detect. On the SEM image only the polystyrene core can be seen and the polyNIPAM shell appears as 'hairs'.
Pure polyNIPAM microspheres collapse upon the preparation of TEM grids and SEM samples. Therefore they do not have a spherical shape, but a disc-like appearance [22] . In addition, TEM images taken at high magnification showed that polyNIPAM microspheres, which are arranged in an ordered 2D array, have a radial decreasing polymer density, i. e. they consist of a relatively dense core surrounded by a low density shell [2] . These morphological details could not be resolved by SEM. However, for the determination of the degree of order of 2D arrays, electron microscopy is ideal. The center of mass of the particles can easily and correctly be extracted from the electron micrographs by using appropriate software [16] . From the positions of polyNIPAM microspheres on the sample surface both the short range order and the long range order can be calculated. Short range order in hexagonal lattices can be determined by the six-fold bond-orientational order parameter [23] . Long range order is reflected in radial distribution functions and Fourier transforms of the electron microscopy images [24] .
Atomic force microscopy
Another method for characterizing ordered 2D arrays of loosely packed polyNIPAM microspheres is atomic force microscopy (AFM). Here, not only the size, morphology and position of the hydrogel spheres in the collapsed state (dry sample) can be studied, but also the mechanical properties of the microgel at the substrate surface and its swelling behavior in liquid can be investigated [9, [25] [26] [27] [28] [29] . For the latter, a strong adhesion of the polyNIPAm microspheres to the substrate surface is crucial in order to guaranty stable imaging conditions. In Figure 6 AFM images of polyNIPAM microspheres taken in air (Figure 6 , left) and water ( Figure 6 , right) are shown. The swelling of the hydrogel can be easily noticed in these images. However, a correct determination of the diameter and the height of swollen microspheres are rather tricky due to unwanted strong interactions between cantilever tip and hydrogel particles during imaging in liquid, which lead to particle deformation [30] . However, detailed AFM studies on polyNIPAM microspheres adsorbed to flat surfaces directly document the switchability of the adhered hydrogel microgel from a swollen to a collapsed state and vice versa. In comparison to hydrogel microgels dispersed in water, the volume change (swelling ratio) is considerably reduced for polyNIPAM spheres deposited on flat surfaces. Nevertheless the volume phase transition temperature of polyNIPAM was similar for dispersed and adhered microspheres. As already mentioned, AFM also enables determination of the elastic properties of hydrogel microspheres. For this purpose, nanoidentation experiments were carried out using the AFM cantilever tip as indenter. The results documented the radial polymer density distribution over the polyNIPAM microspheres with increasing stiffness towards the center of the particle. A convenient way of controlling the stiffness and the swelling behavior of adsorbed hydrogel microgels is the adjustment of the cross-linker density [26] .
Contact angle measurements
Finally, the characterization of another important property of polyNIPAM layers, and consequently 2D arrays made of polyNIPAM microgels, shall be mentionedstimuli-responsive wettability. This phenomenon is best accessed by water contact angle measurements. It has been shown that the swollen polyNIPAM spheres are more hydrophilic than the collapsed polyNIPAM particles. The water contact angle of an advancing drop of water changed, for example, from ∼ 71 ∘ to 90
∘ . However, a significant hysteresis was measured for the contact angle of the advancing and the receding water drop, emphasizing the complex properties of polyNIPAM microsphere arrays [31] . 
Applications
Colloidal lithography
One of the most obvious applications of ordered loosely packed 2D arrays of polyNIPAM spheres is colloidal lithography. The main motivation of using polyNIPAM microgels for the formation of 2D periodic arrays is based on their soft nature and their self-healing properties which allow for the preparation of colloidal arrays with tuneable interparticle distances and very good long-range order.
By using hydrogel microsphere arrays as colloidal mask, periodic hole arrays in metallic films were fabricated by deposition of e. g. gold using chemical vapor deposition [8] or electroless deposition [32] . In Figure 7a an SEM image of an asprepared periodic hole array in a gold film is displayed. This plasmonic structure showed the optical phenomenon of extraordinary transmission, meaning that the amount of transmitted light exceeds the open area fraction of the 'perforated' film. Transmission of light is supported by surface plasmons which react sensitively to refractive index changes (Figure 7b) . Hence, these structures were successfully tested as optical sensors for the detection of biomolecules.
Moreover, these hole arrays in metallic films were utilized for micro-and nanopatterning of silicon [33] . For this purpose a polyNIPAM mask was deposited on a silicon wafer and translated into a periodic hole array in a gold nanoparticle layer or a homogenous gold film. The pre-patterned silicon wafers were catalytically etched by immersion in an ethanolic HF solution containing H 2 O 2 . Thereby different porous silicon structures were formed, depending on the nature of the metallic etch mask (Figure 8 ).
In addition, early studies on the mineralization of polyNIPAM spheres and their assembly into loosely packed 2D arrays were carried out by Zhang et al. They showed that hydrogel microspheres can be used as 'reactors' for the conversion of CaCl 2 to CaCO 3 by subsequent treatment of the colloidal dispersion with the inorganic salt and CO 2 [8] . These hybrid structures were also employed as templates for the preparation of binary 2D colloidal crystals, composed of hydrogel spheres and silica colloids. Depending on the wetting properties of the template, which were controlled by chemical functionalization, different binary patterns were obtained.
Furthermore, a particle nanoimprinting technique was developed in which ordered loosely packed 2D arrays of polyNIPAM based core/shell particles facilitated the formation of nanoholes [34] . In this case, core/shell particles were selfassembled into an ordered array on a polystyrene substrate. Subsequently the polystyrene was heated above its glass transition temperature, so that the particles 'sank' partially into the substrate. After removal of the particle mask, an array of nanoholes in the polystyrene substrate appeared. SEM images of the fabricatrion steps of the nanohole array on a polystyrene surface are shown in Figure 9 .
Fabrication of ordered nanoparticle arrays
These nanoholes, fabricated by nanoimprinting, were used as zeptoliter reaction containers for the production of CaCO 3 nanocrystals. As the periodicity of the reaction containers could easily be varied by adjusting the thickness of the polyNIPAM shell of the core/shell particles, this is a route to generating highly ordered nanoparticle arrays on large areas.
An even simpler approach to crystallizing nanoparticles and nanofibers using loosely packed 2D arrays of polyNIPAM coated polymer spheres was reported by Fujimoto et al [35, 36] . Here, an 2D array of polyNIPAM coated polymer particles was immersed in an inorganic salt solution and -upon evaporation of the liquid -nanocrystals with defined size and morphology formed at the edge of the core/shell particles. This technique was successfully demonstrated by the crystallisation of NaCl nanoparticles and urea nanofibers. Nevertheless, the precise location, where the nanoparticles crystallize, could not be exactly defined and more exciting materials could not be deposited until now.
For this purpose, the coating of pre-formed nanoparticles with a polyNIPAM shell was more successful [37] . In Figure 10a an SEM image of gold nanoparticles with a polyNIPAM shell, which have been arranged in an ordered 2D array on a silicon wafer, is displayed. For its preparation polyNIPAM coated gold nanoparticles were assembled at an air/water interface using a Langmuir through and subsequently transferred onto the substrate surface. The interparticle distance in the resulting 2D particle array was controlled by exploiting the extraordinary properties of the hydrogel shell. The versatility of this technique for the formation of highly ordered nanoparticle arrays was documented by the fabrication of nanoparticle arrays on substrates with arbitrary shape and by arrangement of gold nanoparticles with different morphologies. Furthermore, the hydrogel shell was removed by thermal annealing (Figure 10b ), exposing the gold surface and thereby allowing for chemical modification of the nanoparticle surface. Similar results were reported for nanodiamonds, which were encapsulated into polyNIPAM microspheres, and deposited on solid surfaces as organized 2D arrays by dipcoating [38] .
Interaction with biological organisms
Another area of application for ordered 2D arrays of polyNIPAM colloids is the investigation and control of their interaction with microorganisms. Already in 1997 Fujimoto et al. studied the influence of arrays of polyNIPAM based core/shell particles on neutrophil-like cells [39] . They found that the cells attached only loosely to the microstructured surface without spreading, but reacted to an abrupt change in temperature, which induced a collapse of the polyNIPAM shell, with a considerable release of active oxygen. In contrast, neutrophil-like cells in contact with polyNIPAM-grafted surfaces did not show an excess release upon a sudden temperature change. Neutrophils belong to the body's defense system and the release of active oxygen from neutrophils is connected to combating acute infections by killing invading organisms.
A more pronounced cellular response to microgel modified surfaces was observed by Xia et al. who provided a reliable technical procedure for the fabrication of a thermo-responsive cell culture substrate allowing for repeated attachment, growth and detachment of cells to the surface [40] . The working principle of these cell culture substrates is shown in Figure 11 . Poly( -isopropylacrylamide-co-styrene) latices were wet-chemically synthesized and deposited onto glass substrates by spin-coating or drop-coating. Then, NIH 3T3 cells were seeded on the glass substrates, decorated with a loosely packed hydrogel sphere array, at 37 ∘ C. Under these conditions, the cells adhered to the microgel surface and could proliferate. To harvest the cells a simple decrease in temperature was sufficient. Thereby, the polyNIPAM microspheres were switched from a collapsed state to a swollen state, leading to a change in the hydrophobicity of the surface, which resulted in the detachment of cells. Similar results were also reported for -isopropylacrylamide-co-acrylic acid/CaCO 3 hybrid microgels [41] .
Summary and outlook
To summarize, hydrogel microspheres composed of polyNIPAM have been thoroughly studied for decades. Their stimuli-responsive properties, which can be controlled by choosing the appropriate monomers, allow for the wet-chemical synthesis of tailor-made building blocks. These were self-assembled into 2D and 3D materials with extraordinary properties and applications in various areas ranging from optical sensors to cell culture substrates have already been reported. Here, most often close-packed arrangements of the hydrogel microgel are utilized. A special feature of polyNIPAM spheres, the formation of loosely packed, highly ordered 2D arrays at solid interfaces was only recently investigated in more detail. In this mini review, the formation, characterization, and application of these arrays were presented. By carefully reviewing the literature, it is obvious that the formation mechanism of loosely packed hydrogel microsphere arrays is still not fully understood. Their characterization has to be carried out very carefully in order to obtain significant results. In spite of all these unraveled issues, loosely packed 2D arrays of polyNIPAM colloids become more popular for applications such as colloidal lithography, crystallization of nanoparticles, and cell harvesting. However, the full potential of polyNIPAM microspheres, especially for the fabrication of 2D optical devices, has not been exploited until now. A critical step for utilizing hydrogel microgel based arrays more efficiently in the future is the rational design of the hydrogel properties. For example, the incorporation of photoswitchable molecules into hydrogel microgels could allow for the fabrication of switchable micro-optical devices [42] . Moreover, the development of optical sensors based on loosely packed 2D arrays of polyNIPAM microspheres is still in the fledgling stages and would profit considerably from the controlled deposition of inorganic nanoparticles with anisotropic shapes into the hydrogel matrix. Finally, to bring hydrogel microgel arrays from bench to commercial applications, unsolved issues concerning their wet-chemical synthesis such as low polymer concentrations in the dispersions and removal of side products have to be overcome [4] .
